The anaerobic bacterium Clostridium botulinum produces a potent neurotoxin causing flaccid paralysis (19) . Therapeutic strategies for toxicity associated with ingestion of contaminated food, infant bowel infection, and infected wounds include active immunization or passive immunotherapy with neutralizing antibodies. Antibotulinum antibodies exert therapeutic effects by inhibiting cellular receptor binding by the toxin of the heavy chain binding domain (H C ) of botulinum neurotoxin serotype A (BoNT/A) (5, 6, 15, 16, 18, 26) . Production of human immunoglobulins from immunized volunteers (2) involves risks of blood-borne contaminants. Thus, monoclonal antibodies (MAbs) with botulinum neurotoxin neutralizing activity offer an alternative treatment approach.
Recently, we selected antibody (Ab) single-chain variable fragments (scFv) to BoNT/A from phage libraries constructed using mice immunized with BoNT/A H C (MAbs S25 and C25) or humans immunized with pentavalent botulinum toxoid (MAb 3D12). scFv bind nonoverlapping epitopes with K d s of 7.3 ϫ 10 Ϫ8 M (S25) (1), 1.1 ϫ 10 Ϫ9 M (C25) (1), and 3.7 ϫ 10 Ϫ8 M (3D12) (P. Amersdorfer, unpublished data). These Abs neutralize BoNT/A in a mouse hemidiaphragm assay (170, 50, and 50% longer times to neuroparalysis for C25, S25, and 3D12, respectively) and are synergistic (1; Amersdorfer, unpublished). Epitopes of these antibodies have not been mapped, and the basis for the differential activity is unknown. Gene fragment libraries provide an attractive approach for epitope mapping because library members provide direct sequence information about the epitope (linear and conformational) (7). We used a gene fragment phage display to map neutralizing antitoxin epitopes.
Epitope libraries. Two phage libraries were constructed from 1.3 kb of synthetic BoNT/A H C cDNA (GenBank accession no. U22962) (5) . PCR DNA (from phage library BOT1) or plasmid DNA (from phage library BOT2) was randomly fragmented with DNase I (10 U/ml) in 10 mM Tris (pH 7.0)-10 mM MnCl 2 for 8 min at 15°C, blunted with T4 polymerase for 30 min at 12°C, and ligated with SfiI restriction site linkers (link1, 5Ј-AGCGGCCGCAGGCCATGGAGG CC; link2, 5Ј-GGCCTCCATGGCCTGCGGCCGCT). Products of 200 (BOT1) or Ͼ300 (BOT2) bp were purified by gel (2%) electrophoresis. PCR template (100 ng of linker-ligated DNA) was amplified with nested primer LP5 (5Ј-GCGGCCG CAGGCCATGGA) for 30 cycles (94°C for 1 min, 55°C for 1 min, 72°C for 1 min). The pORF1 gene fragment phage display vector was derived from pHEN-1 (10), containing a nonreligatable SfiI insert cloning site upstream of gene III. Optimized ligation mixtures were electroporated into Escherichia coli TG-1. The size distribution of library inserts was evaluated by PCR with primers flanking the cloning site (Sfiseq5, 5Ј-TC ACCATCATCACGGGGCCAT; Sfiseq3, 5Ј-GTTTTTGTTC TGCGGCCGTTG) with Pfu polymerase for 30 cycles (94°C for 1 min, 55°C for 1 min, 72°C for 1 min). DNA sequencing of random clones revealed fragments of H C vector sequence in both coding orientations. The BOT1 library contains 3 ϫ 10 7 150-to 300-bp inserts, while the BOT2 library contains 8 ϫ 10 6 300-to 1,200-bp inserts (Fig. 1) , generously covering the sequence space (Ͻ10 4 bp). Some unstable scFv unfold when immobilized onto solid surfaces. Thus, scFv were fused to a human Fc-immunoglob-ulin G1 scaffold (21) . Expressed Fc fusion proteins, homodimers with increased avidity and stability, retained affinity (confirmed by BIAcore). Epitope phage was selected (17, 24) using Fc-coated (50-g/ml) immunotubes. Random clones from the second round of selection were screened by enzymelinked immunosorbent assay (ELISA) (22, 24) on Fc-coated (50-g/ml) plates, and binding clones were detected with a 1:1,000 dilution of horseradish peroxidase-conjugated anti-M13. Selected clones did not cross-react with plastic, albumin, or immunoglobulin IgG. Positive controls included anti-erbB2 phage. The DNA sequences of ELISA-positive clones with unique insert sizes were determined, aligned by BLAST (accession no. P10845), and modeled using Rasmol. Significant enrichment occurred during selections except for those from the BOT1 library phage against MAb C25 mAb (Table 1) .
Epitope identification. DNA sequencing revealed 8, 11, and 2 unique and overlapping clones for MAbs S25, 3D12, and C25, respectively (Fig. 2) . The minimal consensus epitope regions correspond to holotoxin residues 1115 to 1223 (108 amino acids), 1131 to 1264 (133 amino acids), and 889 to 1294 (405 amino acids) for S25, 3D12, and C25, respectively (Fig. 2) . These relatively large clones suggest complex conformational epitopes (13) . Only the 3D12 antibody bound to the denatured H C fragment, as determined by Western blotting (data not shown). Fine mapping was performed by "peptide-on-a-pin," with 54 peptides (15-mers, overlapping by seven amino acids) corresponding to the H C sequence (Mimotopes, San Diego, Calif.). None of the antibodies bound specifically to any of the peptide pins, confirming conformational epitopes. The BOT1-selected S25 and 3D12 clones are larger (500 to 600 bp) than those in the library (150 to 300 bp). In contrast, other gene fragment selections (50 to 400 bp) from multivalent rather than monovalent display libraries yield small epitopes (i.e., 50 to 200 bp) (3, 4, 8, 9, 11, 20, 27) that are perhaps related to multivalent, smaller fragments with higher functional affinity.
Three-dimensional structure. Recently, the crystal structure of BoNT/A (14) revealed that holotoxin is composed of three distinct functional domains: catalytic (residues 1 to 437), translocation (residues 448 to 872), and receptor binding (H C ; residues 873 to 1295) (12) . A molecular model overlay of selected epitopes corresponds to the three-dimensional H C . The BoNT/A binding domain consists of N-and C-terminal regions (Fig. 3A) . The S25 (Fig. 3B) and 3D12 (Fig. 3C) epitopes map within the C-terminal subdomain, containing the putative sialo-ganglioside binding site (23, 25) . Based on the botulinum neurotoxin serotype B structure, BoNT/A sialyllactose corresponds to Trp1265, His1252, and Glu1202 (Fig. 3) . These residues are contained within the 3D12 epitope, proximal to the S25 epitope. Thus, it is likely that 3D12 neutralizes toxin by blocking binding to ganglioside (Fig. 4) , while S25 may interfere with binding to this site or to the putative protein receptor (Fig. 4) . C25 maps to a complex epitope that includes the majority of the H C sequence (Fig. 3D) , suggesting an epitope of adjacent N-and C-terminal subdomains (Fig. 4) , which would explain why small epitopes were not identified.
Epitope mapping provides insight into why a single MAb cannot potently neutralize a toxin. Broad interaction of the C-terminal subdomain with cellular receptors is consistent with the mechanism of tetanus toxin (9) . Potent toxin neutralization would require blockade of this broad surface, which could not be covered by a single Ab. Administration of all three MAbs may more potently neutralize toxin by blocking a larger proportion of the binding surface. Thus, it is unlikely that smaller peptides or H C fragments would be as potent an immunogen as the complete H C region would be. 
